Rationale A number of studies have associated reduced Akt1 expression with vulnerability for schizophrenia. Although mice with deletion of a single copy of the Akt1 gene (Akt1 +/− ) show reduced Akt1 expression relative to wild-type (WT) animals, the extent to which these mice show schizophrenia-like phenotypic changes and/or increased susceptibility to epigenetic or non-genetic factors related to schizophrenia is unknown. Objectives Mutant mice were assessed on electroencephalographic/event-related potential (EEG/ERP) and behavioral (acoustic startle and pre-pulse inhibition) measures relevant to schizophrenia. Mice were also assessed following exposure to the NMDA receptor antagonist ketamine, a potent psychotomimetic drug, in order to assess the role of reduced Akt1 expression as a vulnerability factor for schizophrenia. Methods Akt1 +/− , Akt1
Introduction
An association between the v-Akt murine thymoma viral oncogene homolog 1 gene (Akt1) and schizophrenia was originally suggested by Emamian et al. in (2004) , who identified a multi-single-nucleotide polymorphism (SNP) in patients with schizophrenia. Additionally, these researchers found reduced levels of Akt1 expression in patients with schizophrenia, a finding that has been confirmed in several subsequent studies (Balu et al. 2012; Blasi et al. 2012; Szamosi et al. 2012) . Genetic variations in Akt1 have been linked to altered brain physiology, behavior, and cognition. For example, two SNPs of the Akt1 gene (rs2494732 and rs1130233) have been linked to deficits in attention and reduced cortical gray matter (Ohi et al. 2011) , working memory (Tan et al. 2008) , and reduced hippocampal volume (Tan et al. 2011) in humans. Importantly, genetic variation in Akt1 has been associated with enhanced psychotomimetic response to amphetamine in rodents (Emamian et al. 2004 ) and psychotic response to cannabis in humans (Di Forti et al. 2012; van Winkel et al. 2011) , suggesting that reduced Akt1 activity may confer greater susceptibility to the development of schizophrenia following exposure to non-genetic risk factors for the disease.
Information about the role of Akt1 in behavior and psychopathology has been derived from the study of genetically engineered mice with a deletion of the Akt1 gene. These mice display a schizophrenia-like phenotype characterized by a larger reduction in PPI and working memory following dopamine challenge (Emamian et al. 2004; Lai et al. 2006) , altered sensorimotor gating, and impaired hippocampal learning and memory (Balu et al. 2012) . Additionally, Akt1
−/− mutant mice show schizophrenia-like neuropathological changes in dendritic morphology in the frontal cortex (Lai et al. 2006 ) and reduced hippocampal neurogenesis (Balu et al. 2012) . While these mice have been critical for supporting the hypothesis of a functional role for Akt1 in schizophrenia, deletion of the Akt1 gene completely abolishes production of the corresponding protein kinase, possibly leading to a more dramatic or different phenotype than that produced simply by reducing expression. For example, Akt1
−/− mice display reduced body weight and altered metabolism (Wan et al. 2012) , neither of which are seen in schizophrenia, and it is possible that such alterations could play a role in the behavioral changes observed in these mice independent of the relationship between reduced Akt1 expression and schizophrenia symptomology. In contrast to fully homozygous Akt1 null mice, heterozygous mice express Akt1 at approximately 20-40 % the level observed in WT mice , suggesting that these hypomorphic mice could serve as a model of reduced, but not abolished, Akt1 expression, a condition more characteristic of the human disease state. The present investigation sought to characterize the phenotype of Akt1 +/− mice on several electroencephalographic (EEG) and event-related potential (ERP) measures previously shown to have high translational validity for schizophrenia. Following the assessment of EEG, Akt1 +/− and WT animals were assessed on PPI, a model of sensorimotor gating altered in schizophrenia (Braff et al. 1992) . Given the potential importance of altered Akt1 as a vulnerability factor for the development of schizophrenia (Di Forti et al. 2012; Emamian et al. 2004; van Winkel et al. 2011) , Akt1 +/− mice were also assessed on each of these measures following administration of 50 mg/kg of ketamine. NMDA antagonists such as ketamine produce psychosis and cognitive impairment in human users (Krystal et al. 1994; Lahti et al. 2001; Malhotra et al. 1996; Newcomer et al. 1999) , exacerbate psychotic symptoms (Lahti et al. 1995; Lahti et al. 2001; Malhotra et al. 1997 ) and recreate schizophrenia-like changes in the laboratory (Behrens et al. 2007; Ehrlichman et al. 2008; Lazarewicz et al. 2010; Moghaddam et al. 1997; Neill et al. 2010; Olney et al. 1999) . It was predicted that Akt1 +/− mice would show exaggerated EEG and behavioral responses to ketamine, suggestive of an enhanced vulnerability to evocation of behavioral changes associated with schizophrenia.
Materials and methods

Animals
Male Akt1
+/− and WT mice were generated from a colony derived from founders provided by Dr. Morris Birnbaum backcrossed onto a C57BL/6 background over >10 generations (Cho et al. 2001) . Genotyping was performed by PCR using the following primers: 5-AGCTCTTCTTCCAC CTGTCTC-3; 5-GCTCCATAAGCACACCTTCAGG-3; 5-GTGGATGTGGAATGTGTGCGAG-3. Mice were weaned at day 21 and housed 2-4 in standard sized cages and were singly housed following of surgery. Rooms were maintained at 22 (±2)°C and were kept on a 12:12 light/dark cycle (lights on at 08:00 
Electrode implantation
Mice were anesthetized under 1 % isoflurane. The recording electrode was placed into the right hippocampal region at 1.8 mm posterior, 2.65 mm lateral, and 2.75 mm ventral to bregma. The positive electrode was referenced to the surface of the ipsilateral cortex (0.2 mm anterior, 2.65 mm lateral, and 0.75 mm ventral to bregma) and grounded cortex (0.8 mm posterior, 2.75 mm lateral, and 0.75 mm ventral to bregma). Electrodes were secured to the skull using Ethyl cyanoacrylate (Loctite) and dental cement (Ortho Jet). Animals were allowed 7 days to recovery before EEG assessment. Given the distance between recording and reference electrodes, this configuration records electrical activity beyond the localized field of the target region. By recording electrical activity across a widespread area, this configuration closely mimics EEG recording configurations used in humans. ERPs recorded using this configuration bear close resemblance to those obtained from the Cz scalp location in humans and show similar pharmacological and parametric responses to those obtained at the human Cz (Maxwell et al. 2006; Maxwell et al. 2004b; Rudnick et al. 2009; Siegel et al. 2003; Siegel et al. 2005) .
EEG recording and analysis
Assessment of EEG took place in eight standard mouse cages equipped with modified lids that allowed placement of a speaker on the top of the cage. Auditory stimuli were generated by Spike2, version 6.0, software and were delivered through a Power1401 interface (CED, UK). Mice were given 15 min to acclimate prior to the start of EEG recording. Each session consisted of a total of 300 click pairs (white noise, 10 ms duration, 85 dB). Each click pair was separated by a 500-ms interval presented every 8 s. EEG was assessed using a within-subjects design wherein each mouse was tested following both saline and ketamine (50 mg/kg) treatments in sequential sessions, with ketamine sessions following saline sessions. Each session occurred 40 min after administration of saline or ketamine.
Event-related potentials
Spike2 software (CED, UK) was used to analyze and quantify event-related potentials (ERPs). The amplitude of each component was quantified as the change in amplitude relative to the previous point of inflection within the relevant timeframe. These included the P20 (maximum value between 15 and 30 ms) and the N40 (minimum value occurring between 25 and 80 ms). Each component was quantified in response to the first (S1) and second (S2) stimulus of the click pair, thereby creating a P20 S1 and S2 and an N40 S1 and S2. Additionally, S1-S2 difference was calculated.
Baseline EEG power
Baseline power was assessed during a 60-s period prior to auditory stimuli. Power decomposition was accomplished using the FFT function native to Spike2 (Hanning window, 0.81 Hz resolution). The resulting power spectra were analyzed for theta (4 to 12 Hz) and gamma (30 to 90 Hz) frequency bands.
Event-related power
To analyze event-related power, EEG data were first exported from Spike2 into MATLAB. EEGLAB (Schwartz Center for Computational Neuroscience) was then used to process the data and create time-frequency measures. For each session, 300 single-trial epochs, ranging from −1 to 2 s relative to tone onset, were extracted from the continuous EEG and further analyzed. Power was calculated within each epoch using Morlet wavelets in 116 logarithmically spaced frequency bins between 4 and 120 Hz, with wavelet cycle numbers ranging from 2 to 10 ( Delorme and Makeig 2004) . Theta was defined as the frequency band between 4 and 12 Hz and between 30 to 90 Hz. To create a single value for each measure, theta power was averaged between 0 and 400 ms, and gamma power was averaged between 0 and 60 ms. The ERSP is a method of event-related time-frequency power decomposition that measures changes in the power spectrum across time relative to a pre-event baseline period (Makeig 1993) . The event period (−1 to 2 s) is broken down into several overlapping family of waves with spectral changes averaged across numerous trials within each window. As such, the ERSP can be used to detect event-related changes in the power spectrum in response to auditory stimulation or other external stimuli. Intertrial coherence (ITC) is a measure of event-related phase synchronization of EEG across multiple trials. Both the ERSP and ITC were derived using EEGLAB.
Pre-pulse inhibition
Pre-pulse inhibition (PPI) was assessed in four startle chambers (San Diego Instruments). The startle stimuli were white noise bursts (40 ms, 120 dB) presented through a speaker in the top of the chamber. Pre-pulse stimuli were white noise bursts (20 ms) presented at 69-, 77-, or 85-dB intensity, 100 ms prior to the startle stimulus. Startle was measured with an accelerometer. Each session consisted of an initial 5 min acclimation period to background noise (60 dB), followed by five 120-dB startle pulses. Startle was then assessed in response to 0-, 90-, 95-, 100-, 105-, 110-, 115-, and 120-dB white noise bursts (40 ms) presented randomly with a mean interstimulus interval of 15 s (10 smin, 20 s max). The last phase of each session assessed PPI of startle. For this, mice were exposed to both startle-alone stimuli and pre-pulse stimuli. PPI sessions consisted of five presentations of startle stimulus alone and five presentations of each pre-pulse. Each pre-pulse was also presented five times alone without the subsequent 120-dB startle pulse. PPI was calculated as [100−(startle+pre-pulse/startle alone)× 100] (%PPI). Ketamine and saline were given 40 min prior to assessment. Decibel levels for PPI stimuli were measured with a decibel meter (Radioshack Cat No. 33 2055) using A setting, fast response, max response.
Drugs
Ketamine (Ketalar, JHP Pharmaceuticals, MI) was diluted in 0.9 % saline vehicle from a concentration of 100 mg Ket per 1 ml saline. All injections were delivered into the intraperitoneal cavity (I.P.) in a volume of 0.1 ml 40 min prior to the start of testing. The dose of 50 mg/kg was chosen based on prior studies showing that this dose is minimally sufficient to produce reductions in EEG power that last throughout the timeframe of the testing period used here without inducing anesthesia or other severe side-effects.
Western blot
Prefrontal cortex (PFC) was tissue dissected from WT (n=7) and Akt1 +/− (n = 7) mice. Proteins from left PFC were extracted in lysis buffer (25 mM Hepes pH=7.5, 300 mM NaCl, 0.2 mM EDTA, 1.5 mM MgCl 2 , 0.1 % Triton, 0.5 mM DTT plus protease, and phosphatase inhibitors). The protein concentration was determined using the Bradford method and 150 μg of proteins were loaded onto NuPage Novex 4-12 % Bis-Tris precast gels (Invitrogen) and transferred onto PVDF membrane (Millipore). The membrane was incubated with the Akt1 antibody (rabbit monoclonal, #2938, cell signaling, 1/2000) followed by the secondary antibody (HRP conjugated Donkey anti Rabbit IgG (H + L), Jackson Immunoresearch, 1/10000). The blots were developed with chemoluminescence reagent ECL (Thermo Scientific). Films were scanned with a GS-800 Calibrated Densitometer, and the signal was quantified using the Quantity One 4.6.3 software. Results are presented as measure of densitometric intensity after normalization to WT.
Statistics
Data were analyzed using repeated measures ANOVAs, with gene as a between-subjects variable and drug, as well as stimulus (S1 versus S2) where applicable, as repeated within-subjects variable. Significant interaction effects on the three-way ANOVAs were further analyzed using multiple two-way ANOVAs and Fisher's LSD, while significant interaction effects on two-way ANOVAs were analyzed using Fisher's LSD. Startle response was analyzed using a repeated-measures ANOVA with gene and drug as betweensubject variables and pulse intensity as a repeated within subject variable. PPI sessions were analyzed in a separate repeated-measures ANOVA with gene and drug as a between-subject variable and intensity (69, 77, and 85 dB) as a within-subjects variable. Western blot results were analyzed using an unpaired, two-tailed, t test.
Results
Western blot analyses of tissue from the prefrontal cortex showed a significant decrease of AKT1 in heterozygous mice compare to the wild-type mice (t (12) =2.530, p<0.05) (Fig. 1) .
ERP measures
P20 amplitude
P20 amplitude response to the first stimulus (S1) did not differ as a function of genotype following either saline or ketamine treatment. However, a significant interaction was observed between gene × drug [F (2, 25)=3.6, p<0.05] and for gene × drug × stimulus [F (2, 25)=4.3, p<0.05]. Subsequent analyses showed a significant interaction between drug and gene on S1 [F (2, 25)=4.4, p<0.05], but not S2. Post-hoc tests further revealed a significant decrease in P20 amplitude in Akt1 −/− and Akt1 +/− mice (p<0.01 for both) for P20 amplitude following ketamine treatment, relative to saline treatment. A similar change did not occur in WT animals, suggesting that ketamine significantly lowered P20 S1 amplitude in mutant, but not WT, mice (see Fig. 4 ).
Consistent with suppression or gating of the P20 following repetitive stimuli, amplitude of the S2 response was significantly lower than that of the S1 [F (1, 25)=112.2, p<0.05]. Likewise, a significant interaction was seen for drug × stimulus [F (1, 25)=38.7, p<0.05], with ketamine producing a more pronounced effect on the S1 response than S2 (see Fig. 2 ).
In order to control for slight increases in baseline ERP response in mutant mice, a subset of mice from each group were matched according to P20 amplitude during saline treatment. Briefly, two mice that had P20 amplitudes above the range of the WT group were removed from the Akt1 +/− Fig. 1 Western blot analysis for Akt1 in WT and Akt1 +/− mice. A significant decrease in Akt1 expression was observed in Akt1 +/− mice relative to WT controls (p<0.05). Asterisk depicts significance at p<0.05 group. Six mice were then selected from the WT group based on closeness of match to the remaining six Akt1 +/− mice (scatterplots of these mice are shown in Supplementary materials). Closeness of match was determined based on overall group average, such that the six WT mice selected proved mean P20 amplitude closest to mean of Akt1 +/− mice. The same procedure was used to select Akt1 −/− mice.
An ANOVA conducted on P20 S1 amplitude following ketamine treatment revealed significant effect of genotype [F (2, 15)=6.4, p<0.01]. Post-hoc tests showed significantly lower P20 amplitude in Akt1 +/− (p=0.006) and Akt1 −/− mice (p = 0.09) relative to WT. P20 S1 amplitude did not significantly differ between mutant mice (see Fig. 3 ). In contrast, no significance was observed for P20 S2 amplitude when subjects matched for baseline S1 response.
N40 amplitude
Ketamine reduced N40 amplitude relative to saline [F (1, 25)=43.5, p<0.05], but this did not differ as a function of genotype. Likewise, N40 response was significantly lower following S2 than S1 [F (1, 25)=68.3, p<0.05] and S1 was more significantly reduced by ketamine than S2 [F (1, 25)= 37.7, p<0.05]. Significance was observed for the three-way mice. a Grand average waveform for the 200-ms period following presentation of the first white noise click of a paired-click stimulus (S1). WT, Akt1 +/− , and Akt1 −/− mice are depicted in black, dark gray, and light gray, respectively. b Grand average waveform following administration of 50 mg/kg of the NMDA antagonist ketamine for WT, Akt1 +/− , and Akt1 −/− mice. c Maximum positive deflection of the P20 response to the first click (S1) following saline (white) and 50 mg/kg ketamine (gray) treatment. Both Akt1 +/− and Akt1 −/− mice showed a significant decrease in P20 response following ketamine treatment (p < 0.05). In contrast, a significant decrease was not observed following ketamine in WT mice. d Maximum positive deflection of the P20 response to the second click (S2) of a paired-click stimulus following saline (white) and 50 mg/kg ketamine (gray) treatment. No differences were observed between groups on this measure. e. Maximum negative deflection of the N40 response to the first click (S1) following saline (white) and 50 mg/kg ketamine (gray) treatment. A significant main effect was observed for ketamine, but this did not differ as a function of genotype. f Maximum negative deflection of the N40 response to the second click (S2) following saline (white) and 50 mg/kg ketamine (gray) treatment. Asterisk depicts significance at p<0.05 interaction [F (2, 25)=3.5, p<0.05]. Follow-up ANOVAs showed significant reduction of both S1 and S2 amplitude following ketamine [F (1, 25)=46.1 (S1) and 12.8 (S2)] and a trend towards significance for the interaction of drug × gene (p=0.1) (see Fig. 2 ).
Analysis of N40 S1 response in the subset of mice created by matching P20 S1 amplitude (see above for details) failed to reveal a significant genotype difference in response to ketamine.
P20 (S1-S2) difference
Ketamine disproportionately affected S1-S2 difference across genotype conditions [F (2, 25) = 4.3, p <0.05]. Post-hoc analyses revealed a significant decrease when comparing ketamine to saline periods in Akt1 −/− and Akt1 +/− (both p<0.01), but not in WT mice. Akt1 +/− mice also showed increased S1-S2 difference during saline treatment relative to WT mice (p<0.001). Ketamine also produced a reduction in S1-S2 difference [F (1, 25)=38.7, p<0.05] (Fig. 2) .
Since S1-S2 difference is likely highly dependent upon the magnitude of initial baseline response (S1), a subset of mice were created in which subjects were matched based on similar P20 S1 amplitude response (see Supplementary materials for scatterplots of these mice). A one-way ANOVA conducted on P20 S1-S2 difference following ketamine treatment revealed a significant effect of genotype in this subset of mice [F (2, 15)=5.0, p<0.02]. Post-hoc tests showed a significant difference between WT mice and both mutant groups (Akt1 +/− p=0.02; Akt1 −/− p=0.011). Akt1 +/− and Akt1 −/− mice did not significantly differ from one another (see Fig. 3 ).
N40 (S1-S2) difference
Ketamine affected S1-S2 difference across genotype [F (2, 25)=3.5, p<0.05], with Akt1 −/− and Akt1 +/− mice showing significant decreases in N40 difference when comparing postketamine to post-saline periods (p<0.01 for both). A similar change was not seen in WT mice. Ketamine also produced an overall reduction in S1-S2 difference [F (1, 25)=37.7, p<0.05] (see Fig. 2 ).
No differences were observed in the subset of mice matched for P20 S1 amplitude.
EEG power
Baseline power
No differences in baseline power were observed across gene conditions or for the gene by drug interaction, suggesting that baseline power did not differ as a function of genotype following either saline or ketamine treatment. Ketamine significantly increased baseline power for both gamma [F (2, 25)=211.14, p<0.001] and theta [F (2, 25)=14.2, p<0.001] across genotypes.
Event-related power
No differences in event-related gamma power were observed as a function of genotype, either during saline or ketamine treatment. Ketamine significantly reduced event-related gamma power across all genotypes [F (2, 25)=278.5, p<0.001] (see Fig. 4 ).
For event-related theta, a significant main effect was found for gene [F (2, 25) =3.9, p<0.05], with mutant mice showing higher theta power than WT mice. Likewise, ketamine significantly decreased theta power in both genotypes [F (2, 25)=93.5, p<0.0001]. A significant interaction was observed between genotype and ketamine [F (2, 25)=5.7, p<0.01]. Post-hoc tests on these data failed to show an effect of gene during saline treatment. In contrast, significantly higher theta power was seen in Akt1 +/− and Akt1 −/− mice relative to WT mice (p=0.001 WT versus heterozygous; p=0.013 WT versus homozygous). Thus, increases in post-stimulus theta power that normally and Akt1 −/− mice matched for P20 amplitude. a The effect of ketamine on P20 amplitude was significantly greater in both Akt1 +/− and Akt1 −/− mice compared to WT (p<0.05). b The effect of ketamine on P20 S1-S2 difference was significantly greater in both Akt1 +/− and Akt1 −/− mice compared to WT (p<0.05) occur following ketamine are greater in Akt1 mutant mice (see Fig. 4 ).
Intertrial coherence
Intertrial coherence (ITC) within the gamma frequency band did not vary significantly across genotype, but was significantly reduced following ketamine treatment [F (2, 25)= 232.8, p<0.0001]. The ability for ketamine to reduce gamma ITC was significantly influenced by genotype, as suggested by a significant interaction between these two factors [F (2, 25)=5.2, p<0.05]. Post-hoc analyses failed to uncover a significant change in gamma ITC as a function of genotype following saline treatment, suggesting that there was no effect of Akt1 deletion or reduction on gamma ITC. In contrast, both Akt1 −/− and Akt1 +/− mice showed significant reductions in gamma ITC relative to WT mice following ketamine treatment (p<0.05 in both groups), suggesting that ketamine induced a greater reduction in gamma ITC in mutant mice versus WT mice (see Fig. 5 ).
ITC within the theta range was not affected by gene nor was there a significant interaction between gene and drug, although there was a trend towards significance (p=0.056).
Ketamine significantly reduced theta ITC [F (2, 25)=90.8, p<0.0001] (see Fig. 5 ).
Pre-pulse inhibition A significant main effect was found for genotype, with Akt1 +/− mice showing reduced pre-pulse inhibition (PPI) relative to WT mice [F (1, 36)=4.9, p<0.05]. Additionally, a significant main effect was found for pre-pulse intensity [F (2, 72)=46.99, p<0.05], with PPI increasing as a function as a function of pre-pulse intensity. Further, the disruptive effects of ketamine varied according to intensity of the pre-pulse, as suggested by a significant interaction between ketamine and pre-pulse intensity [F (2, 72)=4.2, p<0.05]. Post-hoc analysis of these data revealed a significant effect of ketamine only at the lowest pre-pulse intensity (69 dB, p<0.05). Additionally, this post-hoc analysis revealed a significant difference between saline-treated WT and ketamine-treated Akt1 +/− animals at the 69-dB intensity (p=0.006), with PPI being reduced in the latter group (see Fig. 6 ).
To assess basal startle amplitude, mice were exposed to pseudorandom presentations of pulse alone stimuli ranging from 90 to 120 dB, prior to PPI testing. Startle during this period failed to show significant differences for either drug treatment or genotype (see Supplementary materials). Assessment of startle response during no pulse trials also did not detect significant differences across genotype or drug (see Supplementary materials). Finally, analyses of pulse alone trials during PPI did not detect significant differences (see Supplementary materials). Thus, group differences on PPI were not likely due to differences in startle response.
Discussion
The current study is the first to examine event-related potentials and event-related oscillations in mice with altered Akt1 function. Alterations in the P50 and N100 components of the ERP are frequently observed in schizophrenic patients Boutros et al. 2004a; Boutros et al. 2004b; Freedman et al. 1983; Turetsky et al. 2009 ), and both measures show a relationship to positive symptoms as well as deficits in working memory and attention (Erwin et al. 1998; Lijffijt et al. 2009; Potter et al. 2006; Smith et al. 2010) . Overlap between the mouse P20 and N40 and the human P50 and N100 is suggested by similarities in response to drugs, such as amphetamine (de Bruin et al. 1999; Light et al. 1999; Maxwell et al. 2004a ) and nicotine (Adler et al. 1998; Phillips et al. 2007; Stevens et al. 1995) , as well as responses to parametric manipulations (Ehrlichman et al. 2008; Siegel et al. 2003) . As such, a paired-click auditory procedure was used to examine ERP responses in WT, Akt1
−/− and Akt1 +/− mice. Neither Akt1 −/− nor Akt1 +/− mice showed reductions in P20 or N40 amplitude following exposure to saline vehicle, +/− mice following either saline or ketamine. A significant effect was observed for gene, with Akt1 +/− animals displaying reduced PPI relative to WT mice. Additionally, 50 mg/kg ketamine produced a decrease in PPI in Akt1 +/− mice relative to saline-treated WT mice (p<0.05) on the lowest intensity pre-pulse. N=10 per group. Asterisk denotes significance at p<0.05, while number sign indicates significant difference from WT saline suggesting that these measures are not highly regulated by Akt1 function under normal conditions. Ketamine exposure also failed to produce a significant reduction in amplitude of either P20 or N40 component in WT mice, consistent with previous studies examining the effect of ketamine on P20 and N40 amplitude, in humans and rodents (Connolly et al. 2004; de Bruin et al. 1999; Oranje et al. 2002; van Berckel et al. 1998) . In contrast, both Akt1 −/− and Akt1 +/− mice showed a significant reduction of the P20 response to the first click of the paired-click stimulus (S1) following ketamine. A significant reduction in S1-S2 difference was also observed in both groups of mutant mice following ketamine for the P20 component. This pattern of change is broadly consistent with that observed in schizophrenia patient populations and suggests that the reduction of Akt1 expression facilitated the ability for ketamine to induce electrophysiological changes similar to those observed in schizophrenia.
Separate cohorts of WT and Akt1 +/− mice were examined for PPI. Akt1 +/− mice showed reduced PPI relative to WT mice, independent of ketamine treatment. Analysis of baseline startle amplitude during pulse only trials did not differ across genotype, suggesting that the PPI reductions seen in Akt1 +/− mice likely reflect impaired sensorimotor gating rather than more basic alterations in sensory reactivity. Consistent with previous reports, ketamine had little impact either on PPI or baseline startle response (de Bruin et al. 1999; Oranje et al. 2002; van Berckel et al. 1998 ). This stands in sharp contrast to the effect of ketamine reported here and elsewhere on ERP and EEG responses and strongly suggests that these two measures reflect very different neural and/or psychological mechanisms. It is interesting to note that ketamine-induced alterations in ERP response mostly involved reduction of the S1 response, with much less impact being observed on S2 response, suggesting a change in sensory registration or attention ("gating in") rather than sensory gating or suppression, per se ("gating out") (Brenner et al. 2009 ). Alternatively, the lack of effect on S2 could reflect a floor effect due to its relatively small baseline value.
Marked reductions in EEG event-related oscillatory response have been observed in schizophrenia (Doege et al. 2009; Johannesen et al. 2008; Kirihara et al. 2012; Kwon et al. 1999; Roach and Mathalon 2008) , and these can be readily assessed and reproduced in animal models of schizophrenia (Behrens et al. 2007; Cao et al. 2012; Carlen et al. 2011; Ehrlichman et al. 2009; Featherstone et al. 2012; Lazarewicz et al. 2010) . Here, mice were assessed for event-related power and ITC. Consistent with previous studies examining the effects of NMDA hypofunction on EEG, ketamine significantly reduced both event-related gamma power and gamma ITC during the immediate post-stimulus period (0 to 60 ms). The desynchronizing effect of ketamine on gamma ITC was significantly greater in Akt1 +/− and Akt1 −/− mice. A similar trend was observed for evokedgamma power, although this did not reach statistical significance. All mice showed a time-locked post-stimulus suppression of late theta power in response the first click of the stimulus pair and this was significantly reduced following ketamine. Importantly, Akt1 reduction enhanced this effect relative to WT mice. Theta suppression in response to sensory stimulation has been previously reported in rodents and in patients (Ford et al. 2008; Lazarewicz et al. 2010) , but the importance of this phenomenon is unknown. Ford et al. (2008) showed a decrease in theta power during a P300 task in healthy controls and an attenuation of this response in patients, suggesting that theta suppression could play a role in novelty detection. Suppression within the frequency range reported here may play a role in human long-term memory (Klimesch 1999 ). In the current study, theta suppression appeared to overlap strongly with enhanced gamma within the same time frame, suggesting that suppressed theta may play a role in maintaining gamma response following termination of the stimulus.
The present study demonstrates that genetic reduction in Akt1 expression can enhance the effect of ketamine on schizophrenia related measures in mice, consistent with the notion that reduced Akt1 expression may serve as a vulnerability factor for schizophrenia. While schizophrenia has a strong genetic basis, the fact that monozygotic twins can be discordant for the disease strongly implies a role for epigenetic or non-genetic factors. Evidence has suggested that the development of schizophrenia can be influenced by the use of illicit drugs, amongst other factors. Reduced Akt1 may act as a vulnerability factor for cannabis-induced psychosis and cognitive impairment in humans (Di Forti et al. 2012; van Winkel et al. 2011) . It is possible that Akt1 mediates the effect of other risk factors that impinge on glutamatergic signaling as a predisposition to disease emergence. Thus, further investigation of the role of Akt1 in mediating nondrug related risk factors in schizophrenia would be useful in elucidating physiological mechanisms that predispose emergence of symptoms of the disease.
